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a  b  s  t  r  a  c  t

A  bio-rack  system  was  developed  for treating  Cu-contaminated  freshwaters.  Each  pilot  constructed  wet-
land  (CW,  110 dm3)  contained  15 perforated  vertical  pipes  filled  with  a mixture  of  gravel  (diorite;  80%)
and  perlite  (20%)  and  assembled  as  a rack.  The  whole  experimental  device  consisted  of  12  CW  planted
either  with  Phragmites  australis,  Phalaris  arundinacea  or Juncus  articulatus,  and  unplanted  as  control  (in
triplicates).  All  plants  were  sampled  at a Cu-contaminated  site.  The  CWs  were  filled  with  a mix  of  freshwa-
ter  (30%)  from  the  Jalle  d’Eysines  River  (Bordeaux,  France)  and  tap water  (70%).  Water  was spiked  with  Cu
(2.5  �M, 158.5  �g L−1). Three  CW  batches  were  carried  out,  i.e. in  early  spring  (March,  S#1),  beginning  of
the  growing  season  (May,  S#2),  and peak  growing  season  (June,  S#3).  The  S#3  water  was  initially  acidified
to  pH  6.  For  all batches,  water  was  recirculated  in the  CW  during  14  days.  Physico-chemical  parameters
(pH,  electrical  conductivity,  redox  potential,  BOD5 and  Cu2+ concentrations)  were  measured  every three
days.  Water  pH  of both  S#1  and  #2  ranged  between  7.8 and  8.5  for  all treatments  during  the  experi-
ment.  Initial  and  final  total  Cu  concentrations  were  analysed  for  all  CWs  and  batches.  Relative  Treatment
Efficiency  Index  (RTEI)  indicated  the  plant  effect  compared  to the  unplanted  CW.  Free  Cu2+ removal  was
<10%  for  all  S#1  treatments  (RTEI  ranged  between  0  and  −1) whereas  it  increased  to 77%  (RTEI =  0.1)  in
S#2  for P. arundinacea.  In acidic  conditions  (S#3),  Cu2+ removal  was  99%  for all treatments  (RTEI  =  0).  For

S#1  and  S#2,  highest  total  Cu  removal  occurred  in  CW  planted  with  P.  arundinacea  (respectively  52%  and
68%,  RTEI  =  0.1  and 0.2).  For  S#3,  total  Cu removal  peaked  up to  90%  in  the  unplanted  CW.  The RTEI  values
suggested  no  beneficial  effect  of macrophytes  on  Cu  removal  at  short  term.  Conversely,  the  CW  planted
with  J.  articulatus  generally  displayed  a  lower  efficiency.  The  lowest  value  for  total  Cu concentration  in
water  after  the  14-day  period  was  13  �g L−1 in  S#3  unplanted  and  planted  with  P.  arundinacea.  The  role
of  the  biofilm  as a key-player  of  Cu  removal  in  such  bio-racks  is  discussed.
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. Introduction

.1. Constructed wetlands (CW)
Water quality issues are a major challenge faced by mankind
n the 21st Century (Corcoran et al., 2010). Treatment of munici-
al wastewater streams aims at eliminating nutrients, pathogenic
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icrobes, persistent organic pollutants, xenobiotics derived from
he pharmaceutical industry and trace elements (TE) from waste-
ater streams (Schwartzenbach et al., 2010). In industrialized

ountries, connection to municipal wastewater treatment plants
anges from 50% to 95%, whereas more than 80% of the municipal
astewaters in low-income countries are discharged without any

reatment, polluting rivers, lakes, and coastal sea areas (UNESCO,
009). As a consequence, pollutants accumulate in aquatic ecosys-
ems in surface waters, groundwater, substrates and plants (Aksoy

t al., 2005; Demirezen et al., 2007; Lizama et al., 2011, 2012). In
ordeaux area (France), Cu is one of the major contaminant since
oluble formulations of Cu-sulphate and chromated Cu-arsenate
CCA)-type C are used as treatment agents against insects and
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ungal attacks in vineyards and timber harvesting industries (Bes
t al., 2013).

Constructed wetlands (CW) planted with macrophytes are an
merging phytotechnology frequently used as an efficient and cost-
ffective alternative for treating wastewater streams due to its low
nergy requirements, its convenient operation, and weak main-
enance (Marchand et al., 2010; Vymazal, 2010; Hsu et al., 2011;
uschk et al., 2012; Haarstad et al., 2012; Adams et al., 2012). Five
echanisms affect TE removal in natural and constructed wet-

ands (Sheoran and Sheoran, 2006; Lesage et al., 2007; Marchand
t al., 2010): (1) sorption to fine textured sediments and organic
atter, (2) (co)precipitation as insoluble salts, mainly sulphides

n reducing conditions and Fe/Mn/Al (oxy)hydroxides in oxida-
ive conditions, (3) carbonate (co)precipitation, (4) absorption and
nduced changes in biogeochemical cycles by plants and associ-
ted micro-organisms (fungi and bacteria of the rhizosphere as
ell as endophytes), and (5) deposition of suspended solids due

o low flow rates. All these reactions lead to metal accumula-
ion in the wetland substrate. The CW efficiency depends on inlet

etal concentrations, hydraulic loading, pH, redox conditions and
he presence/absence of the consortium plant/bacteria (Kadlec and

allace, 2009).

.2. Controversial role of macrophytes

Macrophytes are key-players in CW by driving TE uptake and
torage in roots and rhizomes (Caldelas et al., 2012), as well as by
E sorption onto the root plaque (McCabe et al., 2001) and into
he substrate by releasing organic metal ligands (Ryan et al., 2001).
hey also contribute to maintain oxidative conditions in the rhi-
osphere (Armstrong, 1978; Stottmeister et al., 2003; Cheng et al.,
009) and supply plant-derived organic matter over time which
ontinuously provides sites for metal sorption, as well as carbon
ources for bacterial metabolism, thus promoting long-term func-
ioning (Jacob and Otte, 2004; Huang et al., 2012; Leto et al., 2013).
lthough macrophytes are widely used within CW (Marchand et al.,
010), their role and the effect of different plant species on the
W has been controversial, mainly in terms of TE removal (Lee
nd Scholz, 2007; Brisson and Chazarenc, 2009; Marchand et al.,
010). Moreover, TE uptake by macrophytes largely depends on
he vegetative periodic variations (Bragato et al., 2006; Baldantoni
t al., 2009; Wu et al., 2013). In this study, the role of the three
acrophytes Phragmites australis (Cav.) Trin. ex Steud, Juncus artic-

latus L. and Phalaris arundinacea L. in Cu removal from water was
ssessed across the vegetative season in planted bio-racks filled
ith substrate.

.3. Bio-racks

Common classification divides wetlands according to their
ydrology: (1) Surface Flow Wetlands (SF), (2) Horizontal Sub-
urface Flow wetlands (HSSF), (3) Vertical Sub-Surface Flow
etlands (VF), and (4) Hybrid Systems (HS) (Arias and Brix, 2003).

 new CW design was proposed by Valipour et al. (2009), the so
alled bio-rack system. Unique feature of this system was the pres-
nce of numerous vertical pipes, free of sediment but planted with
. australis, assembled as a (bio)rack, which is meant for holding
egetation and support matrix for bacterial growth. Here, bio-racks
ere filled with substrate to take advantage of both systems, i.e. in

he conventional CW the substrate provides adsorption sites for

E, while bio-racks provide maintenance facilities by allowing a
ack turnover over time. Such turnover may  avoid clogging due to
M accumulation, biofilm development and saturation of sorption

ites.
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. Materials and methods

.1. Pilot plant setup

A pilot plant was built in a greenhouse located at the National
nstitute for Research in Agronomy (INRA, Villenave d’Ornon,
4◦46′50′′ N 0◦33′57′′ W,  France) and started its operation in
anuary 2011. Experiments were carried out in twelve independent
olyethylene tanks: 32 cm × 56 cm surface opening, 36 cm depth,
nd containing a 60 dm3 volume at 34 cm operational water depth
Fig. 1). Each tank was connected to a storage tank (total volume:
0 dm3, 50 dm3 at operational water depth). For convenience, we
ill refer to the polyethylene tanks as “unit A”, storage tank as “unit
” and the whole as a pilot constructed wetland (CW) throughout
he paper. In December 2010, each unit A was  filled with 15 ver-
ical PVC pipes (diameter: 10 cm,  depth (H): 35 cm, volume (V):
.75 dm3) assembled as a rack termed as “bio-rack”. All vertical
ipes were perforated every five cm in height and width (hole
iameter: 5–10 mm)  to enable liquid transport and root develop-
ent out of the pipe, and – contrary to Valipour et al. (2009) – filled
ith a homogeneous mix  of gravels (diorite, 1–5 mm,  3.9 kg) and
erlite (0.035 kg) (respectively 80% (v/v) and 20% (v/v)). Porosity of
he substrate made of gravels and perlite was 36%, thus the water
olume into each pipe was 1 dm3. Each bio-rack occupied 41 dm3 of
he unit A and contained 15 dm3 of water and 26 dm3 of substrate.
he 19 dm3 remaining in each unit A were occupied by free water.
otal water volume in each unit A was  thus 34 dm3. Water volume
n each unit B was  50 dm3. The units A were connected to the units

 using lift pumps (Vc400ech, 7500 dm3 h−1, Leroy Merlin, China)
Fig. 1). Total water volume in each CW was 84 dm3.

.1.1. Plants
Plants were collected in 2010, at the beginning of the growing

eason (April–May), at the La Cornubia site (44◦54′26′′ N; 0◦32′46′′

,  Bordeaux, France), a former chemical plant producing Cu sul-
ate and Cu-based fungicides, dating back to a century and closed
n 2004. P. arundinacea L. and J. articulatus L. were sampled in
n abandoned constructed pond colonized by macrophytes, con-
ected to a pipe collecting storm water and effluents from the plant.
otal soil Cu and soil pH at this sampling sub-site are respectively
05 mg  kg−1 DW and 5.7. P. australis were sampled on the riversides
f a small creek that borders this chemical plant, contaminated
y effluents, surface runoff, stormwater, and dust fallout. P. aus-
ralis and J. articulatus are rhizomatous geophytes, having shoots
orne from buds in the soil and resting buds lying beneath the
oil surface as rhizomes. P. arundinacea is a hemicryptophyte; it
xhibits buds either at or near the soil surface (Raunkiær, 1934).
lants of each population were separately kept in buckets and
mmediately transported to a greenhouse (INRA – Centre Bor-
eaux Aquitaine, Villenave d’Ornon, S1). The next day, rhizomes
nd/or stems bearing buds were cut into small pieces (10–20 cm).
hey were then individually grown during nine months (May
010-January 2011) in plastic pots placed in polyethylene vats
volume: 60 cm × 40 cm × 15 cm) containing perlite imbibed with
ap water and a quarter Hoagland nutrient solution (HNS,
oagland and Arnon, 1950): KNO3 (1.62 mM),  Ca(NO3)2 (0.69 mM),
H4H2PO4 (0.25 mM),  MgSO4 (0.5 mM),  H3BO3 (11.5 �M),  MnCl2

2.29 �M),  CuSO4·5H2O (0.08 �M),  (NH4)6Mo7O24 (0.13 �M),
nSO4 (0.19 �M),  and Fe(II)SO4 (48.6 �M).  Water volume was main-
ained constant by tap water addition and monthly changed to
void anoxia, with addition of 1 dm3 of a quarter HNS to avoid nutri-

nt depletion in the growing medium. Water was changed every
wo months during winter. In January 2011, rhizomes and stems
earing buds were cut again into small pieces (5–10 cm). Three
nplanted CW were used as controls. Other CWs  were planted (in
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Fig. 1. Scheme of the co
dapted from Valipour et al. (2009).

riplicates), respectively with J. articulatus,  P. arundinacea and P.
ustralis. Two plant pieces were transplanted 5 cm beneath the sub-
trate surface of each vertical pipe. Units A were then filled with
ap water (34 dm3). Between January 2011 and March 2012, the
ater was changed every six weeks with addition of a quarter HNS

2 dm3). Sodium and Fe salt of EDDHA (Sequestrene, Syngenta) was
dded in units A once at mid-June (10 mg  dm−3, 23 �M)  to promote
lant Fe nutrition. Water level was maintained in the system by tap
ater addition. In December 2011, the dried aboveground biomass
as harvested at 20 cm above the bio-rack surface. These CWs  were

arried out from January 2011 to March 2012 for allowing plants
o produce sufficient belowground biomass in such greenhouse
onditions.

.1.2. Sampling and analysis
In February 2012 (weeks 8 and 9), CW were filled with tap

ater and a quarter HNS (2 dm3), and spiked with 1 �M Cu (63.5 �g
u dm3 by addition of 21 mg  CuSO4·5H2O in 84 dm3) for allowing
rogressive macrophyte adaptation to Cu contamination and Cu2+

orption on binding sites. Then, CWs  were filled again with tap
ater and 2 dm3 of a quarter HNS during weeks 10–12. The day
rior the experiment, CW were emptied and then filled with 70% of

ap water and 30% of freshwater from the Jalle d’Eysine River. This
rban river is located in southwest France (44◦53′36′′ N; 00◦40′40′′

), North of Bordeaux, and a tributary of the Garonne River. From
ts headwaters to its confluence with the Garonne River, it is 32 km

W
m
e
C

cted bio-rack wetland.

ong. Water depth typically varies from 0.8 to 2.5 m annually, and
verage water flow is 3 m3 s−1. It receives TE-contaminated runoff
rom industrial, agricultural and residential areas and effluents
rom two major municipal wastewater treatment plants (WTP)
hat serve more than 100,000 inhabitants in the Bordeaux suburbs.
reated effluents can account for up to 33% of the river flow (Labadie
nd Budzinski, 2005). Electrical conductivity (EC) in this freshwater
anges from 0.48 to 0.94 Ms  cm−1, pH from 6.8 to 7.6, and TE con-
entrations are below the detection limit (Cu < 8, Zn < 7, Cd < 0.1,
r < 0.3, and Pb < 0.8 �g dm3) (personal data). Addition of freshwa-
er in the CW mainly provided nutrients and microorganisms and
voided to supply HNS (S4). Conditions in the CW were thus closer
o contaminated freshwaters. Experiments were carried out during
4 days, and water was daily recirculated 10 h day−1, from 8:30 am
o 6:30 pm.  Inlet and outlet water flows were 5.3 dm−3 min−1. For
he 1st experiment (S#1, weeks 13 and 14), on day 1 (23/03/2012),
W were spiked with 2.5 �M Cu (158.5 �g Cu dm−3 by addition
f 52.4 mg  CuSO4·5H2O in 84 dm3). Immediately (T0), four water
amples (100 cm3) were collected in all CW (i.e., two in unit A and
wo in unit B), resulting in a total of 48 samples (12 per modality).
uch water sampling was repeated on days 3, 6, 10, and 14. The
2 concentration, EC and redox potential were measured with a

TW Multiline P4 metre (Germany) in 24 samples, i.e. six for each
odality, at T0 as well as pH (Hanna instruments, pH 210, combined

lectrode Ag/AgCl, USA) and Cu2+ concentrations (Fischer Bioblock
upric Ion Electrode, USA) after addition of 2 cm3 of NaNO3 (5 M).
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Table 1
Physico-chemical parameters, i.e. pH, Eh (mV), EC (�S cm−1) and BOD5 (mg  dm3) in CW at day 0 and day 14 (n = 6).

Control J. articulatus P. arundinacea P. australis Control J. articulatus P. arundinacea P. australis

pH Eh (mV)
S#1 (Cu =2.5 �M)

Day 0 8.0 ± 0.1 8.0 ± 0.1 7.8 ± 0.1 7.9 ± 0.1 218.6 ± 1.9 220.2 ± 1.2 224.6 ± 2.6 222.8 ± 1.5
Day  14 8.4 ± 0.1 8.3 ± 0.1 8.3 ± 0.1 8.3 ± 0.1 172.8 ± 1.5 174.8 ± 1.9 176.3 ± 2.6 182.8 ± 3.6

S#2  (Cu = 2.5 �M)
Day 0 7.9 ± 0.1 7.9 ± 0.2 7.9 ± 0.1 7.9 ± 0.1 232.8 ± 3.6 232.3 ± 3.4 237.2 ± 5.3 235.3 ± 3.9
Day  14 8.4 ± 0.1 8.4 ± 0.1 8.4 ± 0.1 8.4 ± 0.1 210.5 ± 2.2 213.6 ± 1.9 206.2 ± 2 210.3 ± 1.5

S#3  (Cu = 2.5 �M)
Day 0 6.1 ± 0.2 6.1 ± 0.1 6.2 ± 0.2 6.1 ± 0.1 215.1 ± 12.6 218.5 ± 5.8 229.0 ± 6.1 235.2 ± 24.5
Day  14 7.8 ± 0.1 7.7 ± 0.1 8.1 ± 0.1 7.9 ± 0.1 218.6 ± 6.2 224.3 ± 2.9 218.8 ± 3.9 212.8 ± 2.8

EC  (�S cm−1) BOD5 (mg  O2 dm−3)
S#1  (Cu =2.5 �M)

Day 0 441 ± 1.5 448 ± 2.8 447.2 ± 4.5 441.6 ± 1.7 1.2 ± 0.1 1.4 ± 0.18 1.4 ± 0.2 1.4 ± 0.3
Day  14 487.6 ± 5.7 521.5 ± 14.3 487.3 ± 7.4 501.8 ± 5 <1 <1 <1 <1

S#2  (Cu = 2.5 �M)
Day 0 425.3 ± 3.9 439 ± 20.7 429.5 ± 3.4 430 ± 6.4 <1 <1 <1 <1
Day  14 451.3 ± 2.7 485.5 ± 9.8 449.5 ± 3.9 471 ± 20.1 <1 <1 <1 <1

S#3  (Cu = 2.5 �M)
Day 0 706.7 ± 67.8 562.8 ± 8.1 554.8 ± 16.7 574.6 ± 6.9 2.01 ± 0.1 2.1 ± 0.3 2.5 ± 0.2 2.23 ± 0.4

642.8 
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Day  14 850.2 ± 96.5 681 ± 14.5 653.2 ± 10.7 

ll measurements were performed on the day of water sampling.
he remaining 24 samples, i.e. six for each modality, were kept
or 5 days at 20 ◦C, in dark conditions, and then O2 concentra-
ion (mg  dm−3) was measured at T5. The 5-day biological oxygen
emand (BOD5) was calculated as BOD5 = [O2] T0 − [O2] T5. Total Cu
oncentration was analysed in these water samples at day 0 and day
4 by ICP-AES (Varian liberty 200) and ICP-MS (Thermo X series
00) at the INRA USRAVE laboratory, Villenave d’Ornon, France. At
ay 15, CW were emptied, and rinsed two times with tap water.
nits B and pumps were rinsed a third time, wiped with absorbing
aper and put to air dry during two days. Then, CWs  were filled
gain with tap water and 2 dm3 of a quarter HNS. This experiment
as duplicated during weeks 19 and 20 (S#2), when the growing

eason peaked under the greenhouse conditions. The third experi-
ent (S#3) was carried out during weeks 26 and 27, but the water

i.e. 1/3 freshwater + 2/3 tap water) was acidified with 1 M HNO3
he day prior the addition of 2.5 �M Cu. Nitric acid was progres-
ively added into all CW to reach a pH of 5.5. After one reaction
ay, pH at T0 rose up to 6.1 (Table 1).

.1.3. Statistical analysis
The Cu removal rate (expressed in %) was  computed as

00 − ([Cu]14/[Cu]0) × 100, where [Cu]0 was the initial Cu con-
entration in the CW (2.5 �M at D0) and [Cu]14 the final Cu
oncentration measured at D14. The Relative Treatment Efficiency
ndex (RTEI) was used to assess the macrophyte effect on the Cu
emoval rate in CW planted with P. arundinacea, J. articulatus and
. australis compared to the unplanted CW (Marchand et al., 2010).

TEI = T − C

T + C

here T (%) is the Cu removal rate in a planted CW and C (%) the Cu
emoval rate in the unplanted CW (Table 2).

The effect of macrophytes planted in bio-racks during the 14-
ay period on Cu2+ (Fig. 2) and total Cu (Fig. 3) removal was
ested using one-way analysis of variance (ANOVA). Normality and
omoscedasticity of residuals were met  for all tests. Post hoc Tukey

SD tests were performed to assess multi-comparisons of means.
ifferences were considered statistically significant at p < 0.05. All
nalyses were carried out using R software (version 2.14.1 R foun-
ation for Statistical Computing, Vienna, Austria).

(
(
C
o

± 6.4 <1 <1 <1 <1

. Results and discussion

Conventional root zone system in CW using multilayered bed
rom stone to mud  may  result in clogging of interstices (Valipour
t al., 2009). The roots of P. australis can poorly grow in such bed
onditions due to perforation difficulties (Davison et al., 2005). A
odified root zone system with a distinguished surface providing

ites for the growth of microbial bio-films can facilitate either the
orption or degradation of many pollutants through (bio)chemical
eactions (Valipour et al., 2009). In our bio-racks (Fig. 1), vertical
ipes filled with a mix  of gravels and perlite provided potential
orption sites for Cu onto the substrate, free roots (including their
e/Mn plaques) and rhizomes growing through the holes, microor-
anisms and their biofilms. Moreover, columns can be replaced
eriodically to offer new sorption sites and indeed rejuvenate the
W.  This system allowed removing up to 99% of the Cu2+ and 90% of
he total Cu from Cu-contaminated waters under acidic conditions
Figs. 2 and 3, Table 2).

.1. Physico-chemical parameters and Cu removal in bio-racks
uring a 14-day period in alkaline conditions

The S#1 and S#2 experiments were carried out at pH 8, in
arly spring and during the growing season. At day 0, for both
xperiments, pH was in the range [7.8 ± 0.07 to 8 ± 0.07] in all
Ws  (Table 1). Then, it slightly increased at day 3 to [8.2 ± 0.2
o 8.4 ± 0.07] and remained stable until the exposure end. At the
nd of both experiments (day 14), pH varied between [8.3 ± 0.06 to
.4 ± 0.08]. Therefore, pH conditions were similar for all CW dur-

ng S#1 and S#2. Redox potential ranged respectively between
172.8 ± 1.5 to 218.6 ± 1.9 mV]  during the S#1 and [210.5 ± 2.2
o 233 ± 2.7 mV]  during the S#2. Redox conditions were oxida-
ive in all CW treatments and slightly increased as a function of
ime (Table 1). Electrical conductivity also slightly increased; it
espectively ranged from 441 ± 1.5 to 487.6 ± 5.7 �S cm−1 for the
#1 and between 425.3 ± 3.9 and 451.3 ± 2.7 �S cm−1 for the S#2.
otal Cu was  respectively 0.7 �M (44 ± 9 �g dm−3) and 0.8 �M

48 ± 7 �g dm−3) in CW at the beginning of both first experiments
Fig. 3). In such alkaline conditions, free Cu is under the form
u2+ but also CuCO3

0 (Wang et al., 2012). The major part (70%)
f the 2.5 �M Cu added in S#1 and S#2 was  immediately sorbed
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Table  2
Rates of Cu2+ and total Cu removals (%), and RTEI of bio-racks during after a 14-day period (from 23/03 to 05/04: S#1, 03/05 to 17/05: S#2, and 22/06 to 06/07: S#3 in 2012).

Treatments Day S#1 S#2 S#3

%Removal RTEI %Removal RTEI %Removal RTEI

Cu2+

Control 14 10 – 62 – 99 –
Juncus  articulatus 14 <0 −1 47 −0.1 99 0
Phragmites australis 14 10 0 72 0.1 99 0
Phalaris  arundinacea 14 2 −0.7 77 0.1 99 0

Total  Cu
Control 14 40 – 49 – 90 –

5 

7 
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Juncus  articulatus 14 11 −0.
Phragmites australis 14 7 −0.
Phalaris  arundinacea 14 52 0.1

s insoluble form onto the perlite, Fe oxides of diorite, the micro-
ial biofilms, macrophyte roots and PVC layers. Consequently, both
u removal (in %) and Cu2+ removal (in %) were calculated respec-
ively based on the total Cu and the free Cu2+ in water at day 0.
n S#1, total Cu removal at day 14 reached 40% in the unplanted
W,  11% in the CW planted with J. articulatus (RTEI = −0.5), 7%

n the CW planted with P. australis (RTEI = −0.7) and 52% in CW
lanted with P. arundinacea (RTEI = 0.1) (Table 2). Similar trend
ccurred for the S#2, the lowest and the highest total Cu removals
eing respectively obtained in CW planted with J. articulatus (11%,
TEI = −0.6) and P. arundinacea (68%, RTEI = 0.2). Total Cu removal

n the CW planted with P. australis increased during the S#2 (35%,
TEI = −0.2). Highest total Cu concentrations in water at day 14
ere found for both S#1 and S#2 in CW planted with J. artic-

latus (respectively, 0.8 �M,  48.3 ± 9 �g Cu dm−3 and 0.75 �M,
7.5 ± 5 �g Cu dm−3) while the lowest ones occurred in CW planted

ith P. arundinacea (respectively 0.3 �M,  19.7 ± 18 �g Cu dm−3 and

.2 �M,  15.5 ± 7 �g Cu dm−3) (Fig. 3). Similar patterns were quan-
ified for free Cu2+ removal. At the beginning of S#1 and S#2, free
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ig. 2. Water Cu2+ concentrations (�g dm−3) in CW during a 14-day period. (A) S#1, (B) S
.05  level with the Tukey HSD test.
11 −0.6 82 −0.1
35 −0.2 85 0
68 0.2 87 0

u 2+ concentration in water was  0.025 �M (1.6 ± 0.13 �g dm−3).
t day 14 of S#1, water Cu2+ concentrations did not differ across

reatments (from 0.02 �M,  1.23 ± 0.11 �g Cu dm−3 in control to
.03 �M,  1.81 ± 0.17 �g Cu dm−3 in CW planted with J. articula-
us). These values were similar to the initial concentrations (day 0)
Fig. 2). Thus, Cu2+ removal ranged from 0% in CW planted with J.
rticulatus (RTEI = −1) to 10% in both unplanted CW and CW planted
ith P. australis (RTEI = 0) (Table 2). For S#2, Cu2+ removal was  more

fficient in all treatments. At day 14, free Cu2+ removal reached
7% in CW planted with P. arundinacea (RTEI = 0.1, final concen-
ration: 0.01 �M,  0.6 ± 0.05 �g Cu2+ dm−3), while its lowest value
as found for CW planted with J. articulatus (17%, RTEI = −0.1, final

oncentration: 0.014 �M,  0.9 ± 0.1 �g Cu2+ dm−3) (Table 2).
The pH influences the efficiency of metal removal in wetlands

Sheoran and Sheoran, 2006; Marchand et al., 2010). When pH

s in the [8–9] range, Cu coprecipitation with sulphides and/or
ydrogen sulphides may  occur under reducing conditions in the
resence of OM (Brookins, 1988; Sheoran and Sheoran, 2006).
nder oxidative conditions, the overall mean surface charge of

14106
ay

rol
us articulatus 
ris arundinacea 

gmites australis 

630 10 14
Day

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Control
Juncus
Phalaris arundinacea
Phragmites australis

u2+ (µg dm-3
)

B

                 a    a    a    a           d    d    d   d          d    c    d   d            d    b    c    c            c    b   d    c

 c    c             c    c    c    c           c    c    c    c

                  

#2, and (C) S#3 (n = 6). The different letters stand for statistical significance at the



296 L. Marchand et al. / Ecological Engineering 64 (2014) 291–300

0 14
Day

0

20

40

60

80

100
Con trol
Juncus articula tus
Pha laris a rund inac ea
Phragmites  aust rali s

B

Total  Cu  (µg  dm 3)

0 14
Day

0

20

40

60

80

100
Cont rol
Juncus articu latus
Pha laris a rund inac ea
Phragmites australis

A

0 14

Day

0

50

100

150

200

250 Cont rol
Juncus articu latus
Pha laris a rund inac ea
Phragmites  aust rali s

C

                        a        b     ab       a               c          b        c         d                                                          a           a       a       a       a                 b        a       b        b

a       a            b      ab                      c        d            c        c 

Total  Cu  (µg  dm-3)

Total  Cu  (µg  dm 3)

F −3
 (A) S#

0

f
a
t
2
w
t
C

r
s
i
2
i
t
c
b
o
S
i
m
a
o
p
w

b
H
a
o
K
m
c
m
t
H
s
a
c
i
m
m
e
a
A

ig. 3. Total Cu concentrations (mg  dm ) in CW water at day 0 and day 14 (n = 4):
.05  level with the Tukey HSD test.

erric (oxyhydr)oxides changes from a positive to a negative value
s pH increases. Thus Cu-coprecipitation with (oxyhydr)oxides
akes place in CW at pH > 7 (Brookins, 1988; Sheoran and Sheoran,
006; Marchand et al., 2010). Here, water pH values of S#1 and S#2
ere 8, and redox conditions were oxidative due to water recircula-

ion. Therefore Cu-coprecipitation with sulphides could not explain
u removal, but it may  have occurred with (oxyhydr)oxides.

Copper in our CW may  also sorb onto Fe oxides from diorite and
eact with silicates derived from the perlite to form hydrated Cu
ilicates (CuSiO3·nH2O). Perlite was used for removing free Cu2+

ons from aqueous solutions (Alkan and Dogan, 2001; Sari et al.,
007). The amount of Cu2+ adsorbed rose as pH increased, whereas

t diminished as the ionic strength, temperature and acid activa-
ion increased. Sari et al. (2007) reported a monolayer adsorption
apacity of 8.62 mg  Cu2+ g−1 on perlite. Here, the perlite in each
io-rack amounted to 534 g and thus 4 603 mg  Cu2+ could adsorb
n it in slightly alkaline conditions. All the Cu2+ added in S#1 and
#2 was not removed at day 14, and the bio-rack design might be
nvolved. Diffusion through the substrate and contact with perlite

ay  be limited by the PVC pipes. However, such limitation occurred

lso in S#3, whereas Cu removal increased, and can be likely ruled
ut. Other inorganic compounds may  form such as Cu3(PO4)2 since
hosphates were present in the mixture of freshwater and tap
ater and in the HNS.

C
d
e
a

1, (B) S#2 and (C) S#3. The different letters stand for statistical significance at the

P. australis and P. arundinacea produce a large belowground
iomass (Adams and Galatowitsch, 2005; Asaeda et al., 2006).
ence, they may  take up in roots a significant Cu amount (Bonanno
nd Lo Giudice, 2010) and provide binding sites for Cu sorption
nto the Fe/Mn plaque (Mantovi et al., 2003; Otte et al., 2004;
issoon et al., 2010). Copper could also be immobilized under
etallic nanoparticles in and near roots with assistance of endomy-

orrhizal fungi (Manceau et al., 2008). Additionally, graminaceous
acrophytes such as P. arundinacea and P. australis excrete phy-

osiderophores which may  complex free Cu2+ (Tsednee et al., 2012).
owever, for S#2 the removal rates of total Cu and free Cu2+ were

imilar in the unplanted CW and CW planted with P. australis and P.
rundinacea (Table 2). Moreover, on the whole 14-day period, Cu2+

oncentration was low (<10%) compared to total Cu concentration
n all treatments. Consequently, Cu in recirculated water would

ainly occur as CuO, Cu2O and Cu bound with dissolved organic
atter (DOM). This adds to conflicting data regarding plant influ-

nce on metal removal from water in studies comparing planted
nd unplanted CW (Lee and Scholz, 2007; Marchand et al., 2010).
lternatively, similar rates of Cu removal in the unplanted CW and

W planted with P. australis and P. arundinacea in S#2 may be
ue to the microbial biofilm established in the bio-racks before the
xperiments with Cu (Huang et al., 2000; Toner et al., 2005; Tanner
nd Headley, 2011; Valipour et al., 2009). Soil microbes are the
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ost important components of CWs  (Huang et al., 2012). Micro-
ial biofilms can trap Cu oxides such as Cu2O and CuO (Paradies

t al., 1996). Several months prior to the experiments, unplanted
nd planted bio-racks were supplied with a quarter HNS for allow-
ng the macrophyte growth. Microbial biofilm may  better develop

a
2
r

able 3
emoval rates of Cu (%) in constructed wetlands.

Authors Type of
wetland

Plant
species

Length × Width ×
depth (m)

R
ti

Crites et al.
(1997)

SF, HSSF Schoenoplectus
acutus

10 cells, Total
surface
384 × 15 × (0.15–0.6)

Mantovi et al.
(2003)

HSSF Phragmites
australis

2 cells in parallel,
each of 12 × 6 × 1

1

Kamal et al.
(2004)

SF (batch) Menta aquatica 1 cell,
1.2 × 0.6 × 0.8

SF  (batch) Ludwigia
palustrisa

1 cell,
1.2 × 0.6 × 0.8

SF  (batch) Myriophyllum
aquaticuma

1 cell,
1.2 × 0.6 × 0.8

Samecka-
Cymerman et
al. (2004)

SF Phragmites
australis

1 cell, 1200 m2

HSSF  Salix viminalis 1 cell, 1500 m2

HSSF  Populus
canadensis

1 cell, 8000 m2

Mishra and
Tripathi (2009)

SF (batch) Eicchornia
crassipesa

1 cell, 10 dm3 1

SF  (batch) Spirodela
polyrrhizaa

1 cell, 10 dm3 1

SF  (batch) Pistia stratiotesa 1 cell, 10 dm3 1

Nelson et al.
(2006)

SF Schoenoplectus
californicus

4 pairs of 4000 m2

cells

Khan et al.
(2009)

SF Mix  of 11
species

7 cells (4145 m2) 

Kropfelova et al.
(2009)

HSSF Phragmites aus-
tralis/Phalaris
arundinacea

4 cells, 3520 m2

HSSF  Phragmites aus-
tralis/Phalaris
arundinacea

2 cells, 504 m2

HSSF  Phragmites
australis

2 cells, 983 m2

Megateli et al.
(2009)

SF (batch) Lemna gibbaa 1 cell, 0.25 dm3 1
SF  (batch) Lemna gibbaa 1 cell, 0.25 dm3 1

Yeh et al. (2009) SF (batch) Typha latifolia 1 cell,
0.18 × 0.5 × 0.5

SF  (batch) Phragmites
australis

1 cell,
0.18 × 0.5 × 0.5

Wojciechowska
and Waara
(2011)

2 VSSF + 1 HSSF Phragmites
australis

Two  VSSF (7.5 and
5.0 m2) followed by
a HSSF (12.25 m2).

Sekomo et al.
(2012)

SF (batch) Lemna minora 3 cells in line, each
of 0.5 × 0.3 × 0.3

SF  (batch) Lemna minora 3 cells in line, each
of 0.5 × 0.3 × 0.3

SF  (batch) Lemna minora 3 cells in line, each
of 0.5 × 0.3 × 0.3

Anning
et al.
(2013)

HSSF Thalia
geniculata

2 cells in line, each
of 2.1 × 1 × 0.8

HSSF  Typha latifolia 2 cells in line, each
of 2.1 × 1 × 0.8

HSSF  Limnocharis
flava

2 cells in line, each
of 2.1 × 1 × 0.8

,  winter; S, summer.
a Floating and/or submerged macrophytes.
b Our own  calculation.
neering 64 (2014) 291–300 297

n the unplanted CW without root competition for nutrients. Con-
ersely, macrophyte roots can provide organic compounds such

s polysaccharides to promote bacteria growth (Marchand et al.,
010). Huang et al. (2012) reported higher total nitrogen (Tn-N)
emoval number of soil microbes and activities of soil enzymes in

etention
me (days)

Hydraulic
loading rate
(m−3 day−1)

Cu inlet
(�g dm−3)

Cu outlet
(�g dm−3)

Removal
rate (%)

3–13 3785 7 3 55

0 6.3 81 17 79

– – 5560 3480 30.9

– – 5560 3060 44.9

– – 5560 3190 42.5

– – W 7.9; S 6.2 W 4.5; S 2.7 W 43; S 56

– – W 3.7; S 4.5 W 3.1; S 2.9 W 16; S 36
– – W 4.1; S 7.3 W 2.1; S 1.9 W 49; S 60

5 – 1000–5000 - 86–95

5 – 1000–5000 - 76–91

5 – 1000–5000 - 88–96

2 – 30–40 2–8 75–82

1.7 – 1450 750 48

– 108 25 6.6 74

– 16 41 6.5 84

– 34 25 15 42

0 – 0.1 0.02b 81
0 – 100 33b 77

1.25 0.144 64 11 83

1.25 0.144 64 11 83

– 100 80 20 73

7 – 110 80 18

7 – 240 200 17

7 – 250 190 24

5–7 1 310 279b 10

5–7 1 310 205b 34

5–7 1 310 298b 4



2 l Engi

w
u
C
m
s
S
b

w
l
P
s
C
s
s
r
p
m
2

c
a
s
T
2
s
s
3
b
g
s

3
d

–
7
[
S
i
t
C
5
w
p
T
T
1
r
0
w
p
c
c
o
4
(
h
p
C
a
w
p
P

a
c

o
C
c
(
i
a
b
u
o
u
c
0
k
P
C
(
r
t
r
t
i
c
o

w
p
e
H
w
t
s
2
I
C
2
p
m
s
i
r
r
t
a
(

4

s
o
d
r
s
b
i
a
i
r

98 L. Marchand et al. / Ecologica

etlands planted with Arundo donax and Acorus calamus than in
nplanted wetlands. The DOM and microbial biofilms in unplanted
W may  bind Cu2+ and trap Cu oxides. In planted CW,  the DOM,
icrobial biofilms, macrophyte roots and root exudates can have

imilar effects. The higher Cu2+ removal rate of S#2 compared to
#1 may  be due to higher plant and microbial activities at the
eginning of the growing season than in late winter.

Total Cu but also Cu2+ removals were lower in CW planted
ith J. articulatus than in other treatments. In our CW,  J. articu-

atus produced similar belowground biomass than P. australis and
. arundinacea (personal data) and thus may  offer similar sorption
ites onto roots. J. articulatus may  maintain Cu in solution through
u complexation with LMMOA  (low molecular mass organic acid)
uch as oxalate released by Juncus maritimus with rising Cu expo-
ure (Mucha et al., 2010) and consequently may  decrease total Cu
emoval. In addition, J. articulatus can release allelopathic com-
ounds (Dakora and Phillips, 2002; Ervin and Wetzel, 2003) which
ay  constrain the biofilm development (Gross, 2003; Zhang et al.,

009).
Macrophytes used in this study were sampled at a Cu-

ontaminated site. As suggested by Brisson and Chazarenc (2009)
nd Marchand et al. (2010), CW designs for metal removal may  con-
ider the selection of macrophyte species but also ecotypes whose
E tolerance depends on the growing location (Marchand et al.,
010). However it is not the only criterion. In our study, P. australis
uffered aphid attacks in both 2011 and 2012, leading to a mas-
ive death of plants in CW at the end of growing season (weeks
5–40) whereas P. arundinacea and J. articulatus were not affected
y aphids. Such P. australis low resistance to aphids at the end of
rowing season in temperate climates could be included in plant
election strategies.

.2. Physico-chemical parameters and Cu removal in bio-racks
uring a 14-day period in acidic conditions

In S#3, pH was set to 6.1 at day 0. It progressively increased
 similarly in all treatments – from 6.8 ± 0.2 (J. articulatus)  to
.4 ± 0.3 (control) at day 3, reached 7.8 ± 0.3 at day 6, and was  in the
7.8 ± 0.1 to 8.1 ± 0.1] range for all treatments at day 14 (Table 1).
imultaneously, redox potential did not significantly vary, staying
n the 210.3 ± 5.8 mV  (P. australis at day 10) – 238.2 ± 2.4 mV  (P. aus-
ralis at day 3) range (Table 1). Cu in water would be thus mainly in
u2+ form for S#3. Electrical conductivity increased in all CW,  from
54.8 ± 16.7 to 850.2 ± 96.5 �S cm−1 in CW respectively planted
ith P. arundinacea at day 0 and unplanted at day 14. Unplanted CW
resented the highest EC values during the whole S#3 experiment.
his likely resulted in metal desorption under acidic conditions.
otal Cu concentrations in water increased in all treatments, from
.6 �M (103.5 ± 26.8 �g dm−3) to 2.85 �M (181.4 ± 48 �g dm−3)
espectively in CW planted with P. australis and J. articulatus at day
. Free Cu2+ concentrations in CW water also increased compared
ith S#1 and S#2 to reach 1.4 �M (90.1 ± 48 �g dm−3) in CW
lanted with J. articulatus,  P. arundinacea and P. australis while this
oncentration was 0.9 �M (57.5 ± 8 �g dm−3) in the unplanted
ontrol at day 0. At S#3 start, free Cu2+ represented 73% and 86%
f the total Cu in CW planted with P. australis and P. arundinacea,
9% in CW planted with J. articulatus and 43% in unplanted CW
Table 2). Thus, Cu desorption from roots and root exudates may  be
igher than Cu desorption from the microbial biofilm. Increase in
H for all CW during the S#3 may  result from H+ competition with
u previously sorbed on the various CW components, i.e. perlite

nd Fe oxides of diorite, DOM, roots, microbial biofilms, and CW
alls. In parallel, roots may  excrete OH− and HCO3

− to buffer water
H and to take up anions such as nitrates and sulfates (Dakora and
hillips, 2002). However, water pH was similar in all CW (Table 2)

t
t
c
e

neering 64 (2014) 291–300

nd thus roots may  less influence it compared to other CW
omponents.

After 6 days, once excess H+ was  sorbed on the perlite, Fe
xides, DOM, microbial biofilms, CW walls and roots in planted
W,  the overall mean surface charge of ferric (oxyhydr)oxides
hanged from a positive to a negative value as pH started to increase
Sheoran and Sheoran, 2006). Thus Cu2+ may  adsorb again on dior-
te Fe oxides and silicates provided by the perlite. Copper may  also
dsorb again onto the root plaque, PVC walls and the microbial
iofilm. Similarly, Ferris et al. (1989) reported that biofilm metal
ptake at neutral pH was enhanced by up to 12 magnitude orders
ver acidic conditions and that adsorption strength values were
sually higher at elevated pH. At day 14 in S#3, total Cu con-
entration in water decreased to 0.5 (31.4 ± 7), 0.3 (18.5 ± 1.8),
.2 (13.2 ± 7), and 0.2 (13.5 ± 4) �M (and �g dm−3 under brac-
ets) respectively in CW planted with J. articulatus,  P. australis,
. arundinacea and the unplanted CW (Fig. 2 and Table 2). Free
u2+ concentration in water decreased to 0.025 (1.6 ± 0.5), 0.012
0.80 ± 0.5), 0.010 (0.65 ± 0.2), and 0.015 (0.98 ± 0.5) �M (�g dm−3)
espectively in CW planted with J. articulatus,  P. arundinacea, P. aus-
ralis and unplanted CW (Fig. 3 and Table 2). In all CW,  the removal
ate of Cu2+ reached 99%, and consequently the RTEI was  0 for the
hree macrophytes. Such RTEI values would indicate in overall no
nfluence of rooted macrophytes on the Cu removal rate in acidic
onditions for such “young” CW,  although some mechanisms may
ffset each other.

Various designs used for the construction of constructed
etlands are a major source of variability of physico-chemical
arameters in CW.  Therefore, it is difficult to clearly compare the
ffectiveness of two CW in terms of elimination of TE such as Cu.
owever, Cu removal rates in our three experiments are in line
ith previous findings (Table 3). For CW planted with P. australis,

he total Cu removal rate was  respectively 43% in winter and 56% in
ummer (Samecka-Cymerman et al., 2004), 42% (Kropfelova et al.,
009), 79% (Mantovi et al., 2003) and up to 83% (Yeh et al., 2009).
n two HSSF planted with both P. australis and P. arundinacea, total
u removal rates were 74 and 84% respectively (Kropfelova et al.,
009). The higher total Cu and Cu2+ removal rates of S#3 com-
ared to S#1 and S#2 in our study may be due to higher plant and
icrobial density and activity just after the peak of the growing

eason (Faulwetter et al., 2009; Chazarenc et al., 2010). Thus, even
n “young” CWs, sorption sites provided by the substrate and those
elated to the bacterial biofilm are both key players involved in Cu
emoval in CWs. This confirm previous findings reporting the dis-
ribution rates of total Cu load into the effluent (75%), algae (1%)
nd the final resident biofilm (19%) in algal ponds free of sediment
Sekomo et al., 2012).

. Conclusions

Pilot constructed wetlands (CWs) using bio-racks for cleaning
ynthetic Cu-contaminated wastewaters (2.5 �M Cu) were carried
ut in alkaline (S#1 and S#2 experiments) and acidic (S#3) con-
itions for assessing the influences of three macrophytes on the
emoval rate of Cu. All macrophytes well developed in the bio-rack
ystem and provided a high root surface for the growth of micro-
ial populations in oxidative conditions. Various compartments,

.e. diorite, Fe oxides, perlite, microbial biofilms, PVC walls, roots
nd rhizomes are likely key-players for water Cu-decontamination
n such CWs. The influence of the three macrophytes on the Cu
emoval rate was low, and even negative for J. articulatus,  compared

o the unplanted CW.  J. articulatus may  maintain Cu in solution
hrough Cu complexation with LMMOA  and release of allelopathic
ompounds which may  constrain the biofilm development. How-
ver, macrophyte supply of organic matter (OM) involved in TE
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emoval by plants in CW is often overlooked in short term studies
nd is generally higher at mid- and long-term. Further inves-
igations should determine at what time macrophytes have an
nfluence as a major OM source in CW.  The use of the Relative
reatment Efficiency Index (RTEI) to assess plant importance in
W is recommended. Choice of macrophytes may  also depend
n the resistance of macrophytes to pathogens attacks. Here, P.
rundinacea better resisted to aphids than P. australis. Constructed
etlands also need maintenance to avoid clogging over time due

o OM accumulation, biofilm development and probably saturation
f sorption site. Bio-racks offer a new way to rejuvenate the CW
y periodically replacing some of the columns. The French Water
gency (FWA) has defined an upper critical threshold value (<10 �g
u dm−3) for a good freshwater quality (SEQ EAU, 2003). Recir-
ulation of Cu-contaminated water (2.5 �M,  158.5 �g Cu dm−3) in
ur bio-rack based-CW allowed reaching 0.8 �M (48 �g Cu dm−3)
n early spring and 0.2 �M (13 �g Cu dm−3) as the growing sea-
on peaked. The FWA  standards may  be reached by extending the
esidence time during the growing season, but in winter low micro-
ial and root activities are of concern. The selection of rhizosphere
acteria tolerant to cold conditions is an option (Gilbert et al., 2012).
urther investigations are needed to characterize sorption and bio-
ogical reactions as well as microbial biofilms and their interactions

ith Cu in our CW at short-, mid- and long term.
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